Casein kinase 1 (CK1) plays a central role in regulating the period of the 2 circadian clock. In mammals, PER2 protein abundance is regulated by CK1-3 mediated phosphorylation and proteasomal degradation. On the other hand, 4 recent studies have questioned whether the degradation of the core circadian 5 machinery is a critical step in clock regulation. Prior cell-based studies found 6 that CK1 phosphorylation of PER2 at Ser478 recruits the ubiquitin E3 ligase β-7 TrCP, leading to PER2 degradation. Creation of this phosphodegron is 8 regulated by a phosphoswitch that is also implicated in temperature 9 compensation. However, in vivo evidence that this phosphodegron influences 10 circadian period is lacking. Here, we generated and analyzed PER2-Ser478Ala 11 knock-in mice. The mice showed longer circadian period in behavioral analysis. 12 Molecularly, mutant PER2 protein accumulated in both the nucleus and 13 cytoplasm of the mouse liver, while Per2 mRNA levels were minimally affected.
Introduction 23
The cell-autonomous clock systems oscillating with a period of ~24 h have 24 evolved to coordinate physiological functions with daily environmental changes 25 [1]. The molecular mechanism at the heart of the circadian clock is based on 26 transcriptional/translational feedback loops that consist of clock genes and the 27 encoded clock proteins. In the mammalian core clockwork, two proteins, 28 PER abundance has been proposed to be the rate-limiting step in the 138 assembly and nuclear entry of the repressor complex [2, 4, 34] . Notably, the 139 nuclear protein levels of CRY1 and CRY2 were still high at CT10 ( Figure 3B ) 140 when a large proportion of PER2-S478A protein was degraded ( Figure 2B ). This 141 suggests that CRY proteins can repress CLOCK-BMAL1 transcriptional activity 142 even in the absence of PER proteins, consistent with a previous study [35] . In 143 fact, the mRNA expression profiles of typical E-box-regulated genes, such as 144 albumin D-site binding protein (Dbp), Nr1d1 (also known as Rev-erbA) and Nr1d2 145 (also known as Rev-erbB), were phase-delayed in the PER2-S478A mutant liver 146 ( Figure 3C ). The delayed expression profiles were also observed in RRE-147 regulated genes Bmal1, Clock, and Cry1 ( Figure 3C ). These profiles are 148 consistent with the longer behavioral rhythms of the PER2-S478A mice. 149 Concomitantly, nuclear expression profiles of DBP and NR1D1 proteins were 150 delayed in the mutant mouse liver ( Figure 3B ). Overall, our data indicate that the 151 PER2-S478A mutation results in accumulation of circadian repressor complex in 152 the nucleus, leading to delayed de-repression of the CLOCK-BMAL1 activator.
153
The S478A mutation of PER2 compromises temperature compensation 154 The phosphoswitch model arose from the observation that PER2::LUC 155 degradation occurred in three phases [17] : an initial rapid decay (the first phase), 156 a plateau-like slow decay (the second phase), and finally, a more rapid terminal 157 decay (the third phase). This was visualized by continuous monitoring of 158 bioluminescence signals from PER2::LUC knock-in MEFs. To investigate how the 159 S478A mutation affects the three-phase degradation in vivo, we in parallel 160 introduced the S478A mutation into the PER2::LUC allele (PER2-S478A::LUC) 161 encoding a PER2 fusion protein with firefly luciferase [36] . In the analysis of the 162 wheel running activity rhythms, PER2-S478A::LUC mice exhibited a significantly longer circadian period than PER2::LUC control mice ( Figure 4A , B), similar to 164 that seen in the PER2-S478A mice. We established mouse embryonic fibroblasts 165 (MEFs) from both PER2-S478A::LUC and control PER2::LUC mice. 166 We then tested if disruption of the phosphoswitch by the S478A mutation 167 affects the temperature compensation, which is a key feature of the circadian 168 clock [37] . While the rate of most enzymatic reactions doubles or triples with every 169 10°C increase in temperature (i.e., temperature coefficient, Q10 = 2-3), circadian [4, 17, 38] . We previously demonstrated that phosphorylation of the FASP region inhibited phosphorylation 199 of the β-TrCP phosphodegron, but it has not been experimentally addressed 200 whether the β-TrCP degron actually regulates the circadian period. In the 201 present study, we find that phosphorylation of the β-TrCP site controlling PER2 202 stability is an essential step in determining the period length in vivo. Mice with 203 the PER2-S478A mutation showed significantly longer behavioral rhythms than Thus, this study provides a strong genetic evidence that phosphorylation-213 regulated degradation of PER2 is indeed a key regulator of the clock speed.
214
CK1δ and CK1ε may not be the only kinases regulating PER2 stability. For 
258
Here, the three-phase degradation was compromised in PER2-S478A::LUC 259 MEFs, consistent with this model. The mutant MEFs showed also cellular rhythms 260 with a longer period at lower temperature. These results are consistent with the 261 idea that the β-TrCP site is more susceptible to phosphorylation at lower 262 temperature to make the circadian period compensated for temperature changes 263 [17] .
264
Although mutation of the Ser478 phosphodegron increased PER2 stability,
265
PER2 was still degraded between CT22 and CT2 ( Figure 2 ). Furthermore, the Master Mix (Promega) with the gene specific primers (Table 1) .
393
Preparation of nuclear and cytosolic fractions of mice liver 394 The nuclear proteins and cytosolic proteins were isolated as previously and littermate wild-type mice are shown. Mice were entrained to LD for two 648 weeks or longer and then exposed to DD. (B) Wheel-running activities of representative PER2-S478A homozygous mice and littermate wild-type mice are shown. Mice were entrained to LD for two weeks or longer and then exposed to DD. (C) The circadian period of the activity rhythms under the DD condition was determined via a chi-square periodogram procedure based on locomotor activity in days 11-24 after the start of DD condition. Mean values ± SEM obtained from ten wild-type (WT) mice and twelve homozygous PER2-S478A (SA) mice are given. *** p = 4.2 x E-8, two-sided Student's t-test. Figure 4 . The mutation of PER2 at Ser478 perturbs the phosphoswitch (A) Wheel-running activities of representative PER2::LUC and PER2-S478A::LUC homozygous mice are shown. Mice were entrained to LD for two weeks or longer and then exposed to DD. (B) The circadian period of the activity rhythms under the DD condition was determined via a chi-square periodogram procedure based on locomotor activity in days 11-24 after the start of DD condition. Mean values ± SEM obtained from ten PER2::LUC mice (WT) and ten PER2-S478A::LUC (SA) mice are given. *** p = 5.6 x E-7, two-sided Student's t-test. (C) Representative recordings of bioluminescence from PER2::LUC or PER2-S478A::LUC MEFs are shown. MEFs were synchronized with dexamethasone and the bioluminescence was then continually measured in the Lumicycle. (D) The circadian period of cellular rhythms was calculated. Mean values ± SEM obtained from three PER2::LUC MEFs (WT) and three PER2-S478A::LUC (SA) MEFs are given. (E) Bioluminescence from PER2::LUC (WT) and PER2-S478A::LUC (SA) MEFs are shown. MEFs were synchronized with dexamethasone and the bioluminescence was continually measured in the Lumicycle. CHX was added at CT 19.8 (left) or at CT 21.4 (right). By fitting the exponential curve to the small segment of the decay curves, the instantaneous half-life is calculated (see Materials and methods for details). Figure 5 . PER2-S478A mutation lengthens the circadian period PER2 and CRY proteins accumulate during night and disappear before CT2 in wild-type. In contrast, PER2 and CRY proteins are stabilized and excessively accumulate around CT 22 in PER2-S478A mutants. Thereafter, PER2 proteins are degraded by CT2 whereas CRY proteins keep repressing the CLOCK-BMAL complexes. 
